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Accelerator-based terahertz (THz) radiation has been expected to realize a high-power broadband
source. Employing a low-emittance and short-bunch electron beam at a high repetition rate, a
scheme of coherent diffraction-radiation in an optical cavity layout is proposed. The scheme’s
stimulated radiation process between bunches can greatly enhance the efficiency of the radiation
emission. We performed an experiment with a superconducting linac constructed as an energy
recovery linac (ERL) test facility. The electron beam passes through small holes in the cavity mirrors
without being destroyed. A sharp THz resonance signal, which indicates broadband stimulated
radiation correlated with beam deceleration, was observed while scanning the round-trip length of
the cavity. This observation proves the efficient beam-to-radiation energy conversion due to the
stimulated radiation process.
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I. INTRODUCTION
Light sources have played important roles in the
progress of science in various fields. The terahertz (THz)
spectrum range, which is usually defined from 0.3 to
3 THz, spans the technological gap between microwave
and optical technologies [1]. THz light sources are the
most immature over a wide spectrum of light. As it cor-
responds to a photon energy of 1.2 to 12 meV and a
temperature of 14 to 140 K, the natural environment at
room temperature is filled with THz-scale phenomena.
For example, the excitation energy of molecular dynam-
ics, such as the rotation and oscillation of a molecule and
lattice, corresponds to the THz scale. Development of
THz sources is necessary for investigating such dynam-
ics. For the production of high-power radiation, the ef-
ficiency of THz radiation production is the key for the
source development.
A table-top Fourier-transform infrared spectroscopy
system (FT-IR) [2] has been developed utilizing a ther-
mal source. The spectrum of the thermal source is deter-
mined by black-body radiation, which peaks in the near-
infrared range, and its power in the THz range is quite
small and unstable. A time-domain spectroscopy (TDS)
system has been developed utilizing photoconductive an-
tenna or nonlinear crystal. When excited by a short pulse
laser, the emitter can produce a short pulse of an elec-
tric field, which contains a broad frequency component
in the THz range. Although it can produce a high peak
amplitude of the electric field, the average power is lim-
ited. As for a narrow-band source, laser-based technolo-
gies have been developed. From high-peak-power optical
pulse lasers, a signal in the THz range can be produced
by frequency down-conversion utilizing a nonlinear crys-
tal. Although high peak power can be obtained, these
systems are limited to low-duty pulse operation of the
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pump laser. Recently, semiconductor laser technology
has been under development in the THz range. A device
called the quantum cascaded laser (QCL) can now pro-
duce milliwatt level of cw power [3, 4]. From microwave
technology, a backward wave oscillator (BWO) system is
now commercially available [5]. Basically, it utilizes radi-
ation emitted from the coherent motion of electrons, and
the principle is similar to those developing in accelerator
based system.
Accelerator-based sources have been under develop-
ment. The conventional ones use incoherent synchrotron
radiation in an electron storage ring [6]. When the emis-
sion of synchrotron radiation occurs coherently in the
structure of a bunch, very high-power radiation is gen-
erated. A coherent synchrotron radiation (CSR) source
can be realized at the storage rings by using short-bunch
beam optics [7–9] or imprinting electron density mod-
ulation by interaction with a laser pulse [10, 11]. The
electron-linac-based system has advantage in producing
a short-bunch beam. When the bunch length is shorter
than the radiation wavelength, the radiation becomes co-
herent for all the electrons in a bunch. The radiation in-
tensity is proportional to the square of the bunch charge.
This system can realize a much higher intensity at higher
frequencies than ring-based systems, although the repe-
tition rate is limited by the machine cycle.
Various radiation mechanisms can be considered. The
most conventional one is CSR emitted at a bending mag-
net [12]. Using an undulator [13, 14], a narrow spectrum
of radiation can be produced. By inserting a target in the
path of the beam, coherent transition radiation (CTR)
can be produced at the target. It is radiation emitted
when a relativistic beam passes through an interface be-
tween materials with different refraction indexes. The
advantages of CTR over CSR are that it can be set up in
a simple geometry in the straight pass of the beam, and
it has a uniform frequency dependence. CTR is widely
used for electron beam diagnostics of accelerators [15, 16].
However, it cannot be used as a high-power source be-
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2cause it destroys the electron beam and produces back-
ground radiation; also, the target is damaged. Coher-
ent diffraction radiation (CDR) is a radiation mechanism
that is similar to CTR. Radiation is emitted when an
electron beam nondestructively passes through an aper-
ture or near the edge of a target [17]. It can be used
with a high-power beam. It also has been used for beam
diagnostics [18, 19].
Conventional linacs of normal conducting accelerator
cavities only work at low-duty pulsed operation limited
by the rf power loss on the cavity wall. On the other
hand, recently developed superconducting linacs can be
operated in a continuous mode (cw). The average beam
power can be much higher compared with that from nor-
mal conducting linacs. Especially with an energy re-
covery linac (ERL) scheme [20] that recycles the beam
power, beam loading effects can be neglected, and a much
higher beam power than that applied by the external rf
source can be operated. The features of the high current
beam realized by a superconducting linac fit the nonde-
structive schemes of THz sources, such as CSR and CDR,
and it has the potential to be a high-power source [21].
Here, we consider an optical cavity system that stacks
the coherent radiation emitted in the cavity; in other
words, the beam excites the optical cavity. When the
cavity is excited at resonance, an electron bunch in a
multi-bunch beam coherently emits radiation in the elec-
tromagnetic field that already exists in the cavity. This
results in more radiated power being extracted from the
electron bunch than in a simple setup that is not based on
a cavity. This mechanism is called stimulated radiation.
The principle of stimulated radiation in the THz range
was first tested in a destructive layout by CTR [22]. The
electron beam struck one of the mirrors of an optical
cavity and emitted CTR. By measuring the internal cav-
ity power while scanning the cavity length, a resonance
structure was observed. Tests by CSR were performed
using a two-mirror cavity with a bending magnet in the
center [23–25]. The test was also performed in a destruc-
tive layout, with the beam striking and being transmit-
ted by one of the mirrors. Resonance peaks of millimeter
waves were observed with a narrow-band detection setup.
Recently, a test in the millimeter wave range in a CDR
layout that used cavity mirrors with a hole for beam pas-
sage was performed [26]. Although some resonance be-
havior was observed, the structure of the resonance peak
was not clear. There might be several reasons for this.
The cavity design was not optimized for broadband ex-
citation. The number of bunches was limited under the
experimental conditions. There was difficulty in passing
the beam without loss.
Broadband stimulated radiation in the THz range in
a CDR layout without beam loss has not been estab-
lished. Because it requires a low-emittance short-bunch
beam at a high repetition rate, the experimental setup
has become feasible only with the development of a re-
cent high-quality linac. One of the practical problem
with CDR layout is the severe requirement of the pas-
sage of a high current beam through a small aperture.
This requires experimental demonstration [27]. From the
standpoint of beam dynamics, the CDR layout enables
us to measure the beam downstream of the cavity. It pro-
vides useful information such as beam deceleration due
to the radiation emission. Such an energy diagnostic ob-
tained downstream turned out to be quite useful in free
electron laser (FEL) machine studies [28, 29].
We present an experiment performed with a modern
superconducting linac constructed as a test facility of
an ERL [30]. The low-emittance beam produced by the
photocathode injector can realize the CDR layout. The
sub-picosecond short-bunch beam generated in the bunch
compression mode [31] emits coherent radiation in the
THz range. The schematic of the experimental situation
is shown in Figure 1. An optical cavity formed by two
spherical mirrors with a small hole in the center was in-
stalled in a straight pass of an electron beam. The beam
emits radiation in the THz range in the cavity via the
CDR process at the boundary of the mirrors. When the
cavity round-trip time matches the bunch spacing of the
multi-bunch beam, radiation occurs coherently between
bunches, and higher radiation power than just a simple
intensity summation of the number of bunches is pro-
duced.
FIG. 1. Scheme of the system. A two-mirror optical cavity
is located in a straight pass of the multi-bunch beam. The
beam passes through the center holes of the cavity mirrors.
We presented a result showing evidence of stimulated
radiation in the THz range in the CDR layout for the first
time by measuring the resonance peak while scanning
the cavity length [32]. In this paper, we report detailed
studies, such as observations of resonance peaks obtained
in separated frequencies and by changing the number of
bunches in a beam macro-pulse. Measurement of the cav-
ity power growth in the time domain was performed using
a fast detector, and the result was compared with the cal-
culation. The beam energy was measured downstream of
the cavity, and it showed the effect of beam-to-radiation
energy conversion at the cavity resonance.
II. PRINCIPLE
We describe the principle of excitation of optical cav-
ity modes by beam passage. Although the mirrors have a
3hole at the center in the actual setup, we ignore the effect
of the holes in this section. This situation can be under-
stood as the case of the CTR cavity, i.e., infinitesimal
hole size.
A. Excitation of an optical cavity mode
First, we recall the conventional procedure for calcu-
lating the interaction between a charged particle and an
rf cavity structure in a beam duct, as illustrated in Fig-
ure 2. When a cavity structure is given, one can calculate
its eigen modes. The question is how much electromag-
netic power will be excited in a specific eigen mode by
the beam passage [33]. When an eigen mode of interest is
given, its normalized shunt impedance (R/Q) is defined
as
R/Q =
| ∫ ~Ed~s|2
ωU
, (1)
where ω is the angular frequency, and ~E is the electric
field of the mode. U is the energy stored in the cavity
corresponding to the electric field distribution. The nu-
merator indicates integration of the electric field along
the beam trajectory moving at the speed of the beam.
The excited energy in the cavity can be calculated by
Uexc =
ω
4
(R/Q)q2 , (2)
where q is the bunch charge. Here, we assume that the
bunch length is negligibly smaller than the wavelength.
FIG. 2. Beam and rf cavity interaction. This shows an
example of a cylindrical cavity and its TM010 mode. The
beam works to the mode via the longitudinal electric field in
the beam trajectory.
As can be understood from Eq. 1, in order to be ex-
cited by the beam, the mode has to have a component
of the electric field that is longitudinal with respect to
the beam trajectory. In the case of a plane wave that is
traveling parallel to the beam, however, its electric field
is perpendicular to the beam trajectory. Hence, such a
mode does not interact with the beam. In this paper,
we consider an optical cavity that stores optical modes
that travel parallel to the beam. Because the modes of
interest here are not a simple plane wave, they can be
excited by the beam.
By describing the electromagnetic amplitude of the
field localized in the vicinity of the z-axis and propagat-
ing in the z direction as E(x, y, z, t) = u exp(i(ωt− kz)),
the time-independent part u(x, y, z) is described by the
paraxial equation,
i
∂
∂z
u(x, y, z) = − 1
2k
(
∂2
∂x2
+
∂2
∂y2
)
u(x, y, z) , (3)
where x and y are the axes transverse to the propagation
direction, and k is the wave number, which is related to
the radiation wavelength λ and the speed of light, c, as
k = 2pi/λ = ω/c. The simplest solution of Eq. 3 is the
well-known Gaussian beam
u(r, z) =
Aw0
w(z)
exp
( −r2
w2(z)
)
exp
(
−ikr
2
2R
+ iφ
)
, (4)
where r =
√
x2 + y2, and w0 is the beam size at the
waist. w(z) is the beam size at location z: w(z) =
w0
√
1 + (z/z0)2. R is the curvature radius of the wave-
front: R(z) = z
(
1 + (z0/z)
2
)
. z0 is the Rayleigh length,
which is defined as z0 = piw
2
0/λ. φ is called the Gouy
phase: φ(z) = tan−1(z/z0). A is an arbitrary scale fac-
tor.
In the case of an optical cavity, due to the bound-
ary condition of the mirrors, solutions of discontinuous ω
are accepted as eigen modes and are called longitudinal
modes. One important difference between an optical cav-
ity and a typical rf cavity is that it contains thousands of
longitudinal modes. This results in the picture of mode-
lock pulse that a light pulse propagates back and forth
in the cavity.
The fundamental Gaussian mode explained above does
not have a longitudinal field on the beam axis; hence, it is
not excited by the beam. Here, we consider higher-order
transverse mode solutions, called the Hermite-Gaussian
beam. The (l,m)-th mode can be described as [34]
u(x, y, z) =
A
w(z)
Hl(
√
2x
w(z)
) exp
( −x2
w2(z)
)
Hm(
√
2y
w(z)
) exp
( −y2
w2(z)
)
exp
(
−ikr
2
2R
+ i(l +m+ 1)φ
)
, (5)
where Hn is the n-th order Hermite function. For sim-
plicity, we limit the discussion to a cylindrical symmetric
case. The transverse electric field of the first-order mode
is explicitly written as follows:
Er =
Ar
w2(z)
exp
( −r2
w2(z)
)
exp
(
i(ωt− kz)− ikr
2
2R
+ i2φ
)
.
(6)
The round-trip propagating energy in the cavity of length
L, corresponding to U of Eq. 1, can be calculated by
4integrating the electromagnetic energy as
U = 2× 0
2
∫
|Er|2dV = 2× 0
2
∫
(|Ex|2 + |Ey|2)dV
=
0piA
2
8
L , (7)
where 0 is the vacuum permittivity. 2× indicates the
contribution of the round-trip. Here, the contribution
of the small longitudinal field component which will be
discussed in the following, is neglected.
FIG. 3. Longitudinal field in the first-order Hermite-
Gaussian beam. At the center of the profile, the longitu-
dinal field component of ∼ 1/k of the transverse peak field is
present.
Because the three-dimensional field components are re-
lated to each other, the longitudinal component of the
electric field can be determined by the transverse field
distribution [35]. The general relation that connects the
longitudinal and transverse fields is given as
ikEz =
∂Ex
∂x
+
∂Ey
∂y
= 2
∂Er
∂r
. (8)
Applying Eq. 8 to Eq. 6, the longitudinal field distri-
bution can be calculated as shown in Figure 3. At the
center of the beam, the longitudinal field is maximum,
while the transverse field is zero. The longitudinal field
on the axis can be explicitly written as
Ez = − A
kw2(z)
exp(i(ωt− kz) + i2φ(z)) . (9)
Approximating the velocity of the beam as the speed of
light, ωt− kz = 0, the excited energy becomes
Uexc =
q2
4
|Ezds|2
U
(10)
=
q2
0piL
∣∣∣∣∣
∫
exp
(
i2 tan−1(z/z0)
)
z0(1 + (z/z0)2)
dz
∣∣∣∣∣
2
. (11)
The integration along the z-axis should be performed be-
tween the cavity mirrors. As can be seen, the result ba-
sically depends only on z0 and the cavity boundaries.
z0 depends on the design of the cavity, which is deter-
mined by the cavity length L and the curvature radius
of the mirrors ρ. Figure 4 shows that the relative beam
to cavity coupling strength, in other words, the efficiency
of cavity mode excitation, depends on the cavity param-
eter under a fixed cavity length for the symmetric cavity
case. The highest coupling is realized at 2z0 = L. It
corresponds to L = ρ, and this type of cavity is called
confocal.
FIG. 4. Dependence of beam to cavity coupling on the
cavity parameter. The Rayleigh length of the mode z0 can
be controlled by the mirror curvature ρ. The types of cavity
change from parallel, confocal, to concentric. The coupling is
maximum at the confocal cavity in the case of the symmetric
cavity.
B. Excitation by a multi-bunch beam
When the cavity is excited by a multi-bunch beam
whose bunch spacing matches the round-trip time of the
cavity, the radiation signal of each bunch is stacked as a
coherent amplitude addition. The amplitude of a mode
in the cavity after the n-th bunch becomes
vn = v1
n∑
m=1
(
√
1− ηeiθ)m , (12)
where η is the relative power loss in one round trip; η = 1
indicates the total loss, and 0 the zero loss. θ is the phase
shift over a single round trip. θ can be changed by finely
changing L in a scale within the wavelength. The power
enhancement gain after an infinite number of bunches
can be obtained as
G =
|v∞|2
|v1|2 =
1
2− η − 2√1− η cos θ , (13)
and is plotted in Figure 5 as a function of L. We note that
this resonance function is the same as the one that ap-
pears when an external optical cavity is excited by a laser
[34]. We define the finesse of the cavity by F = 2pi/η.
The gain at resonance is G = 4/η2. The cavity mode is
excited more strongly at a lower cavity loss. When we
are interested in the extracted radiation power available
outside the cavity, instead of the cavity internal power,
5the effective power gain becomes Geff ∼ ηG. Here, we
assume that the cavity loss mostly corresponds to the
out-coupling.
FIG. 5. Excitation of a mode by a multi-bunch beam. For
a mode of wavelength λ, sharp resonance peaks are realized
every λ/2 of the cavity length. The width of the resonance is
determined by the cavity loss.
The full-width-half-maximum resonance width is de-
termined by the cavity loss. It can be written using the
cavity length variation as
∆L ∼ λ
2F
=
λη
4pi
. (14)
Further, it can be written using the bunch timing varia-
tion as
∆T ∼ λ
2cF
. (15)
In order to resonantly excite a cavity of small loss, me-
chanical stability of the cavity length and stability of the
bunch arrival time are required. For example, in the case
of λ = 300 µm (1 THz) and F = 1000 (η ∼ 0.006),
∆L = 150 nm and ∆T = 0.5 fs.
C. Broad-band excitation
The discussion in Sec.II B focused on one of the cavity
modes. As explained in Sec.II A, the optical cavity has
many longitudinal modes (and sets of transverse modes
belonging to each longitudinal mode) that correspond to
frequencies that are integral multiples of the round-trip
frequency. The frequency of the j-th longitudinal mode
is fj, where f is the fundamental frequency and matches
the bunch repetition. Here, we consider the shift of reso-
nance conditions in the longitudinal modes. For simplic-
ity, we limit the discussion to the symmetric cavity and
the first-order transverse mode. The additional phase
effect due to the Gouy phase affects the resonance con-
dition of the cavity by 2(2φ(L/2) − 2φ(−L/2)) as the
round-trip phase. This shifts the resonance condition for
the j-th longitudinal mode as
∆θ(j) = 2pi
(
j − 4
pi
tan−1
√
L/ρ
2− L/ρ
)
, (16)
where ρ is the curvature radius of the mirrors.
In general, the resonance condition in the cavity length
is different for each mode. Hence, modes of different fre-
quency cannot be excited by a multi-bunch beam at the
same time. However, in the special case of confocal cavity
design, L/ρ = 1, ∆θ(j) becomes an integral multiple of
2pi for all j’s, resulting in all longitudinal modes being ex-
cited simultaneously. This mechanism can be described
as a picture of the carrier-envelope phase (CEP) of the
pulse traveling back and forth in the optical cavity. In
the general case, the CEP shifts in every round trip of
the pulse. Signals of the multi-bunch beam cannot be
stacked coherently in such a case. The confocal cavity
is a special case with a zero-CEP shift, and hence it can
coherently add broad spectral signal in a multi-bunch.
Figure 6 explains the cavity resonance on a map of the
cavity length and longitudinal mode number. If one only
focuses on the longitudinal modes in a narrow bandwidth,
the resonance structure repeats at every half wavelength
in the cavity length, as already seen in Figure 5. But
in a broad bandwidth, the resonance condition spreads
due to the wavelength difference. Only under the perfect
synchronized condition, in which means that the cavity
length exactly matches the bunch repetition, do all the
longitudinal modes resonate at the same time. Note that
the broadband excitation is possible only with the zero-
CEP shift design. The bottom figure of Figure 6 shows an
example of a nonzero-CEP shift case, i.e., with ρ chosen
to be non-confocal, where the resonance line curved as
the mode number; broadband excitation cannot be real-
ized. When one observes the radiation with a broadband
detector while scanning the cavity length, the projected
resonance curve as shown in Figure 7 will be seen. If the
cavity is designed to be zero-CEP shift, a strong peak
that corresponds to the excitation of the broad spectrum
is seen under the perfect synchronized condition. The
other peaks are smeared out and appear as a plateau.
When broadband excitation is realized, the total radi-
ation power can be estimated by considering the follow-
ing factors: excitation of a mode by a single bunch, the
effective power gain of stimulated radiation by a multi-
bunch, and the number of longitudinal modes excited at
the same time. The upper limit of the radiation fre-
quency, ξc, is given by the bunch length of the electron
beam. The total radiation power becomes,
Ptotal =
Uexc
2L/c
×Geff × ξc
c/2L
=
4ξcq
2
ηpi0L
. (17)
Because of the energy conservation, the electron beam
loses its kinetic energy corresponding to the energy con-
verted to the radiation.
6FIG. 6. Example calculation of cavity resonance on a map of
cavity length and the longitudinal mode number. (Top) Cav-
ity designed to be zero-CEP shift. The resonance conditions
of all the modes coincide under the perfect synchronization
condition, L = 115.3 mm in this case. (Bottom) Cavity de-
signed to be nonzero-CEP shift. There is no special condition
to excite broadband of the modes at the same time.
III. EXPERIMENTAL SETUP
A. Accelerator
We performed the experiment with a compact ERL
(cERL) in KEK. cERL is a test facility for the develop-
ment of accelerator technologies for an ERL. A detailed
description of cERL is given elsewhere [30]. Figure 8
shows the layout of the cERL. The beam is produced at
the photocathode DC gun. After it is accelerated by the
injector superconducting accelerator up to a total energy
of 5.3 MeV, it is merged with the circulating path. The
beam is then accelerated by the main superconducting
accelerator up to a total energy of 17.9 MeV. After pass-
ing through the return loop, which consists of two arc
sections and a straight section, the beam re-enters the
main accelerator in the deceleration phase and it loses
energy down to the injector energy. It is then sent to the
beam dump. Because the main accelerator recycles the
energy by decelerating the beam, it does not have a net
beam loading and can operate with high beam power.
Although the nominal operation mode of cERL is the
energy recovely mode, this experiment was performed in
FIG. 7. Simulation of the excited radiation power in cavity
length scan. This is given as the projection of the contribution
of all the modes in Figure 6. If the cavity is designed to be
zero-CEP shift, a strong peak appears at the cavity length of
perfect synchronization.
DC Gun
Injector acc.
Main acc.
Beam dump
1st Arc.
2nd Arc.
Straight sectionSetup of
this experiment
10m
FIG. 8. Layout of cERL. The experimental setup is installed
at the upstream area of the straight section in the return loop.
the burst operation of the energy nonrecovery mode. The
beam was stopped at the end of the return loop. In
the burst operation, the electron beam emission at the
gun was time-gated by the photocathode laser system to
form a macro-pulse of a multi-bunch beam, while all the
rf systems in the accelerator cavities operated in the cw
mode. The bunch repetition rate was 1.3 GHz, which is
determined by the rf frequency of the accelerator cavities.
The beam conditions in this experiment are summarized
in Table I.
TABLE I. Beam parameters in this experiment.
Beam energy at return loop 17.9 MeV
Bunch repetition 1.3 GHz
Bunch charge 1.2 pC
Macro-pulse length 1 µs (can be changed)
Repetition of macro-pulse 5 Hz
Normalized emittance 2.0 (X), 0.7 (Y) µm
RMS bunch length 120 fs
The experiment is set up at the straight section, where
a short-bunch beam is available. The detailed layout of
this section is shown in Figure 9. Because of the achro-
matic optics of the arc section, transverse dispersion is
7designed to be zero in the straight section. The first three
quadrupole magnets in the straight section can be used
to adjust the beta function of the beam for this experi-
ment. The quadrupole magnets have correction coils to
produce a dipole field for finely steering the beam orbit.
The screen monitor system just behind the setup of this
experiment can be switched to a metal target for produc-
ing CTR. It was used for bunch length diagnostics. The
first screen monitor in the second arc section was used to
measure the beam energy variation.
FIG. 9. Layout of the straight section. Bi are bending
magnets, Qi are quadrupole magnets, BPMi are beam posi-
tion monitors, and SCMi are screen monitors. Here i is an
integer.
B. Optical cavity
Figure 10 shows the structure of the optical cavity,
which consists of two spherical mirrors facing each other.
The distance between the two mirrors, the cavity length,
is designed to be 115 mm. The round-trip time of the
cavity matches to the bunch repetition rate of 1.3 GHz.
The two cavity mirrors are identical. The mirror sub-
strate is made of copper. Its spherical surface is gold
coated to obtain a high reflectance in the THz range.
The thickness of the mirrors is 10 mm, and their diam-
eter is 50 mm. The radius of curvature of the mirror is
specified to be 115 ± 3 mm, which is equal to the cavity
length for confocal cavity design. The opposite surface
of the mirror is flat. The mirror has a hole at the center.
The diameter of the hole is 3 mm at the spherical surface,
and it is enlarged to 6 mm at the opposite surface hav-
ing a tapered shape. Because the mirror substrate was
fabricated by rotation machining of better than 20 µm
precision, the outer shape, i.e., the flat surface and the
cylindrical surface, can be used as a good mechanical ref-
erence in the initial alignment. The mirror holders have
a kinematic adjustment system to finely align the angle
of the mirror. In order to scan the cavity length, the
downstream mirror holder is mounted on a piezoelectric
stage (Model 3030 of attocube Inc.). It can be controlled
up to 1 nm precision in a closed loop system within a
±10 mm range.
As shown in Figure 11, the cavity is installed in a big
cylindrical vacuum chamber of 244 mm diameter. The
cavity structure is suspended by a manipulator so that
the structure can be repositioned upward from the beam
axis in the chamber. A shielding duct to facilitate smooth
connection of the beam duct can be inserted in the space.
This is to protect against interference with the accelera-
tor operation from other experiments. A screen monitor
consisting of a Ce-doped YAG scintillator of 12×12 mm2
and 0.1 mm thickness can be inserted at the center of the
cavity at a 45◦ angle with respect to the beam axis. This
screen monitor was used for measuring the beam size and
position at the cavity. It could also be used for blocking
the cavity resonance to confirm the resonance signal.
FIG. 10. Picture of the optical cavity.
FIG. 11. Setup of the vacuum chamber. The cavity is
suspended from the top manipulator. A separated chamber
is connected next to the cavity chamber to extract the THz
radiation.
The optical cavity was designed to be symmetric and
confocal. The eigen mode beam size at the center w0,
TABLE II. Parameters of the optical cavity.
Cavity length (L) 115 mm
Range of L adjustment ±10 mm
Diameter of mirror 50 mm
Thickness of mirror 10 mm
Radius of curvature of mirror (ρ) 115 ± 3 mm
Diameter of mirror hole 3 mm (tapered to 6 mm)
Material of mirror Au-coated Cu
8and on the mirrors w1 are given as
w1 =
√
2w0 =
√
Lλ
pi
. (18)
In our setup, w1 = 4.7 mm for 0.5 THz radiation.
Because the first-order transverse mode has a node at
the center, the power loss at the hole can be small enough
even with a hole of a few millimeters size. The contri-
bution of the power in the central 3-mm-diameter area
is estimated to be 1% of the total power of the mode for
one mirror at 0.5 THz.
A fraction of the radiation power inside the cavity is
emitted through the mirror holes in both directions. The
tapered structure of the mirror hole was optimized to
function as a horn antenna to improve the directivity of
the radiation emission [36]. Only emission in the up-
stream direction is measured in this experimental setup.
As seen in Figure 11, a separated vacuum chamber is
connected 309 mm upstream of the cavity chamber. It
works as a radiation extraction chamber that reflects the
radiation from downstream to the transverse direction
by a gold-coated flat stainless steel plate mirror angled
45◦ with respect to the beam line. It has an elliptic
hole, which appears as a 10-mm-diameter circular aper-
ture from the perspective of the electron beam, on the
beam axis. The radiation is transmitted to air through
a sapphire window of 1.5 mm thickness.
The layout of the THz detection system is shown in
Figure 12. The radiation extracted from the vacuum
chamber is first collimated by a plastic (PFTE) lens of
500 mm focal length. It is then split into two paths by
a Si plate beam splitter. One of the paths is for de-
tection with a liquid-helium cooled Si bolometer (prod-
uct of Infrared Laboratories Inc.). The bolometer has
a sensitivity up to 20 THz. Its time resolution is ∼100
µs, which is not enough to observe the time structure of
power growth. Reflecting with an off-axis parabolic mir-
ror of focusing length 230 mm, the radiation is focused on
the detector aperture. We prepared a remote-controlled
filter mount in front of the detector. Four types of band-
pass filters (BPFs), with center frequencies of 0.3, 0.5,
1.0, and 1.5 THz of 10% bandwidth (full width at half
maximum), can be inserted. If the detector is saturated
with too large signal, three types of doped-Si power re-
ducers, with transmittances of 10, 3, and 1%, can be
inserted in front of the detector. The second path is
for detection with a diode-type detector that has a time
resolution of a few nanoseconds, which is sufficient to
resolve the time structure in a beam macro-pulse. At
the focal point of an off-axis parabolic mirror of focusing
length 230 mm, a quasi-optical detector (QOD) (product
of Virginia Diodes Inc.) is mounted on a two-dimensional
stage. The sensitive frequency range of the QOD is lower
than that of the bolometer and is not uniform. It mainly
measures a lower frequency range than 0.3 THz.
FIG. 12. Setup of the THz detectors. the THz radiation
extracted from the chamber is focused by parabolic mirrors
and is measured by two types of detectors, a bolometer and
a QOD.
C. Beam tuning
For realizing this experimental layout of a small beam
aperture without serious beam loss, low beam emittance
is the key. We measured the beam emittance in the
straight section under the same beam conditions as in
this experiment, i.e., a bunch charge of 1.2 pC and in
bunch compression mode. The measurement was per-
formed with a waist-scan method. A quadrupole magnet
and a screen monitor, namely, Q3 and SCM1 in Figure
9, were used. The normalized emittance was estimated
to be 2.0 µm (horizontal) and 0.7 µm (vertical), respec-
tively.
In order to produce coherent radiation in the THz spec-
trum range, a short-bunch electron beam is necessary. In
the bunch compression mode of cERL, a short bunch of
∼100 fs (rms) can be realized at the straight section by
manipulating the longitudinal phase space [31]. The orig-
inal bunch length at the injector is designed to be 2 ps
(rms). The accelerating rf phase of the main linac was
shifted +8◦ from the crest in order to imprint the time
and energy correlation in the bunch. Next, the longitu-
dinal dispersion, the correlation of the path length and
energy (R56), of the first arc section was adjusted using
quadrupole magnets in the arc section. The bunch length
was evaluated by the CTR interferometer system at the
straight section that was installed just behind the setup
of this experiment. The details of the CTR bunch length
monitor system and the tuning procedure for bunch com-
pression are given elsewhere [31]. The measurement was
performed under the same beam conditions as this ex-
periment, except that the beam focus point was shifted
to the CTR target location to minimize the effect of the
beam size on the bunch length measurement. The result
is shown in Figure 13. The autocorrelation interferogram
was fitted by a model function including the effects of
the low-frequency cutoff. The rms bunch length was es-
timated to be 120 fs. The spectrum was obtained with a
Fourier transform and shows that the frequency reached
up to 2.0 THz. The reduction at a lower frequency range
than 0.5 THz is due to the sensitivity of the detector
9and the transfer line. This confirms that THz coherent
radiation can be produced in the experiment.
FIG. 13. Bunch length and beam spectrum measured by the
CTR interferometer system. (Top) Interferogram of autocor-
relation measurement. (Bottom) Spectrum obtained from the
interferogram.
After the bunch compression tuning, we tuned the
beam optics of the straight section to focus the beam at
the cavity. Two quadrupole magnets placed 4.78 m and
1.58 m upstream of the cavity, Q2 and Q3 in Figure 9,
were used. In this beam tuning, the cavity structure was
removed from the beam axis, and the screen monitor was
inserted at the location for beam size and position tuning.
By scanning the strength of the quadrupole magnets, the
rms beam size was minimized to 236 µm (horizontal) and
61 µm (vertical) at the location.
Prior to the beam experiment, an alignment laser light
was injected through the holes of the cavity mirrors to
simulate the beam path. By inserting the screen monitor
in the cavity, the scattered laser light was recorded. It
was used as a reference for establishing the beam path on
the cavity axis. Using the four steering magnets around
the cavity, namely, the correction coils of Q2∼5, we pre-
pared a combined knob to finely adjust the local beam
path at the cavity without affecting the orbit outside the
area. By scanning the local offset and angle adjustment,
we established the best beam conditions for minimizing
beam loss. Referring to the beam loss monitors, which
detect radiation produced by incidence on the mirror, we
confirmed the beam had a ±1 mm clearance. The frac-
tion of beam loss at the cavity was estimated to be 2,500
ppm [32].
IV. EXPERIMENTAL RESULT
A. Observation of resonance signal
The cavity length was scanned while measuring the
bolometer signal. Figure 14 shows the results. The scan
was performed in 2 µm steps in a 1.2 mm range. A
sharp peak was observed when the cavity satisfied the
condition of broad-band excitation. In the case of the
narrow-band measurement, i.e., when inserting a BPF
in front of the bolometer, small bumps were repeatedly
observed with a separation corresponding to the obser-
vation frequency. These results qualitatively agree with
the discussion given in Sec.II C.
FIG. 14. Observation of resonance peak. By measuring the
bolometer signal while scanning the cavity length, a strong
peak appeared, showing broadband excitation. Note that be-
cause the peak width was smaller than the sampling step of
this wide range scan, the peak point was obtained by another
fine scan data, and it is shown by an arrow.
Figure 15 shows the results of precise scans in 50 nm
steps around the main resonance peak measured with
various BPFs. It turned out that the peak had fine struc-
tures. The signal became weaker as the frequency in-
creased. It is mainly because of the original beam spec-
trum determined by the bunch length shown in Figure
13. The overall shape and positions of the fine structures
were the same in the measured frequency range of 0.3
GHz to 1.5 THz.
In order to discuss the signal growth in a macro-pulse,
we obtained data by varying the macro-pulse length. Fig-
ure 16 shows the results of a precise cavity length scan
with 0.5 THz BPF. As the number of bunches increases,
the intensity becomes stronger, and the peaks in the fine
structure becomes narrower. The width of a single peak
was measured ∼150 nm for the 1 µs pulse width (1300
bunch) case.
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FIG. 15. Precise cavity length scan at around the resonance
peak. Results of the bolometer signal with various BPFs and
without a BPF are shown.
FIG. 16. Precise cavity length scan obtained by changing
the number of bunches in a macro-pulse. Measured by the
bolometer with 0.5 THz BPF.
B. Observation of time structure
In order to directly observe the signal growth in a
macro-pulse, we recorded the waveform of the QOD sig-
nal. By measuring the bolometer signal at the same time,
the cavity length was set at one of the resonance peaks.
As shown in Figure 17 (top), the signal increased grad-
ually at the beginning of the macro-pulse, reached satu-
ration, and then decayed after the pulse ended. The be-
havior with a time constant is an indication of resonance
characteristics. To confirm that this was a resonance
signal, following two measurements were performed si-
multaneously. One was a measurement off the resonance
peak, setting the cavity length far away from the peak.
The other was a measurement at the resonance peak but
blocking the cavity by inserting the screen monitor in the
cavity. In both of these cases, a small signal with sharp
rising and falling edges was detected. Because these were
not related to the cavity resonance, the origin of these
signals was single pass diffraction radiation at the outer
surface of the upstream cavity mirror.
Figure 17 (bottom) shows the resonance signal ob-
tained by subtracting the non-resonant background con-
tribution. By fitting the decaying part of the signal with
an exponential curve, A exp(−t/τ) where A and τ are free
parameters, the time constant τ was estimated to be 67
ns. Using the relation τ = 2Lcη , we see that it corresponds
to a cavity round-trip loss of η = 0.01.
FIG. 17. Time development of THz signal measured by the
QOD. The two cases, off-resonance and blocked, show the con-
tribution of the background signal. By fitting the waveform
with a decaying function, the time constant was obtained.
C. Beam deceleration
For the performance of a THz source, the power of the
THz signal is important. However, a direct measurement
of the absolute power was technically difficult because of
problems related to the aperture and calibration of the
detection system. Instead, in order to evaluate the con-
version efficiency from the beam energy to the radiation
power, we measured the beam energy downstream of the
cavity. A screen monitor in the second arc section, SCM2
in Figure 9, was used. The horizontal dispersion at the
screen monitor was designed to be 0.49 m. We set the
last quadrupole magnet in the straight section to focus
the beam horizontally at the screen to improve the energy
resolution. The horizontal rms beam size was 0.8 mm on
the screen. By fitting the recorded beam profile with a
Gaussian curve with the height, width, and the center
position as free parameters, the beam position was ob-
tained. Figure 18 shows the result obtained while slowly
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scanning the cavity length. The beam position on the
screen is plotted with the THz signal. It can be clearly
seen that the beam position shifts to the low-energy di-
rection correlating with the THz radiation emission. The
maximum position shift at the resonance peak is evalu-
ated as 0.3 mm, which corresponds to 6 × 10−4 of the
beam energy deceleration.
We repeated the same measurement using several strip-
line beam position monitors (BPMs). The BPMs are
located throughout the straight section to the arc section.
As seen in Figure 19, only the BPM at the arc section
(BPM3) shows a position shift, while the BPMs at the
straight section show no change. This confirms that the
beam position shift was caused by energy variation and
not by the transverse kick.
FIG. 18. Beam deceleration measurement by a screen mon-
itor. The cavity length was slowly scanned around the reso-
nance peak. (Top) The THz signal measured by the bolometer
and the QOD. (Bottom) Beam position and size obtained by
fitting the screen monitor data.
V. DISCUSSION
The appearance of the resonance structure in the cav-
ity length scan (Figure 14) proves that stimulated emis-
sion occurs in the cavity. Strong resonance occured at the
perfect synchronization between the radiation round-trip
rate and the bunch repetition rate. This is the first result
to clearly show stimulated radiation in the THz range in
the CDR layout.
From the data obtained by changing the observation
frequency range (Figure 15), it was proved that the res-
onance condition coincides in the broad range of the lon-
gitudinal modes. This agrees with the expectation from
the zero-CEP shift design of the optical cavity.
FIG. 19. Beam deceleration measurement by BPMs. The
cavity length was slowly scanned around the resonance peak.
(Top) The THz signal measured by the bolometer and the
QOD. (Bottom) Beam position measured by BPMs. BPM3
is the one in the arc section. BPM1 and BPM2 are in the
straight section.
The fine structures of the peaks are not what we origi-
nally expected. We guess that each peak will correspond
to higher-order transverse modes in the cavity. Reso-
nance conditions of higher-order transverse modes are
degenerate in the ideal case of the confocal cavity. How-
ever, a small perturbation, for example, misalignment of
mirrors and the effect of the mirror holes, might split the
resonance conditions. Further studies will be needed to
establish the reason conclusively.
The waveform measurement of the THz signal (Fig-
ure 17) confirms the resonance characteristics: the sig-
nal growed and decayed with a time constant. From the
time constant, the cavity round-trip loss was estimated
to be η = 0.01. On the other hand, from the designed
mode size calculated by neglecting the effects of the mir-
ror holes, the intensity contribution to the hole area be-
comes 0.02 for 0.5 THz as a single path model. However,
this seems to be an overestimation for the round-trip loss
of the cavity eigen mode. The result η = 0.01 obtained
from the waveform of the QOD is not inconsistent with
the order estimation.
The resonance width in Figure 16 contains informa-
tion on the number of bunches whose signal stacked co-
herently, and it should be related to the cavity round-
trip loss. The width of each fine structure peak becomes
narrower as the number of bunches in the macro-pulse
increases. However, due to the interference of many fine
peaks and the baseline background, it is difficult to quan-
titatively determine the resonance width. By roughly es-
timating the width as 150 nm, the finesse turns out to
be 3000 for 0.5 THz, which cannot be explained by only
1300 bunches.
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Beam deceleration due to the cavity resonance was ex-
perimentally confirmed. This proves that the stimulated
emission converts more beam power to the radiation than
is obtained by just a simple multiplication by the num-
ber of bunches. At resonance, the decelerated energy was
measured to be 6× 10−4 of the beam energy. Under the
experimental conditions of 1.2 pC bunch charge of a 17.9
MeV beam at 1.3 GHz repetition, it corresponds to 18
W of power conversion. This estimation neglected the
contribution of the rising and falling parts of the macro-
pulse. Although we did not measure the radiation power
directly, according to energy conservation, the radiation
power should be equal to this energy loss of the beam.
If we operate the accelerator in the cw mode and cor-
rect the emission of one of the directions of the cavity,
it becomes a broad-band THz source of 9 W power. We
also note that as can be understood from Figure 6, if
the cavity length is intentionally shifted from the per-
fect synchronization condition, the cavity can selectively
resonate limited longitudinal modes. In this case, it be-
comes a narrow-band THz source.
We note that the frequency ranges observed by the
QOD and the bolometer are different. Figure 18 shows
the THz signal measured by the two detectors at the
same time. Although they share similarities, the QOD
shows wider peaks, and the overall position looks shifted.
We suppose this is because the QOD measured a lower
frequency part than did the bolometer.
Here, we compare the beam deceleration result with
the calculation in Sec.II C. According to the beam spec-
trum of Figure 13, the effective upper limit of the fre-
quency is estimated to be 1.0 THz although it is a
smoothly decaying spectrum instead of the sharp cut-off
of the simple model. The round-trip loss of the cavity is
chosen to be 0.01 using the result of the waveform mea-
surement. The total radiation power is then calculated
to be 180 W at 1.2 pC of bunch charge. Comparing this
with the beam deceleration result, we observe that the
results differ by a factor of 1/10. So far, we have ignored
the effects of the hole on the mirrors. In the simple case
of a single pass emission from a target, the difference be-
tween CDR and CTR can be explained by the fact that
CDR has a high-frequency cut-off due to the aperture
[17]. Figure 20 shows the calculation. In the case of
the 3-mm-diameter aperture, the radiation intensity re-
duced by 1/10 at approximately 0.5 THz. This effect can
explain most of the difference. Although the cut-off fre-
quency becomes higher as the aperture diameter becomes
smaller, there will be a trade-off against the difficulties
in handling the electron beam.
Because the 17.9 MeV beam energy of this experiment
was relatively low, the approximation in Sec. II A that
the beam travels at the speed of light may need to be
corrected. The time difference for traveling the length of
the cavity with respect to the case of the speed of light
is calculated to be 150 fs, which corresponds to 1/6.6 of
the wavelength at 1 THz. This effect will be an ∼20%
reduction in the excitation efficiency.
FIG. 20. High frequency cutoff due to the aperture. Radi-
ation power spectrum from a target with a circular hole in a
single pass geometry. The aperture size gives a high-frequency
cutoff.
Because this was the first experiment, we set the beam
parameter at a low bunch charge of 1.2 pC, with which
it was easy to establish low-emittance and short-bunch
beam conditions. On the other hand, the intensity of
coherent radiation will be proportional to square of the
bunch charge, and a higher bunch charge will be more ef-
ficient in developing a high-power THz source. We plan
to establish beam operation at a higher bunch charge,
for example, 60 pC, while maintaining the low-emittance
and short-bunch length. In this case, the beam condi-
tions may change in the macro-pulse due to the beam
loading effects in the accelerator cavities. Further ma-
chine studies will be important.
This experiment was performed in the burst opera-
tional mode. For a high-average-power THz source, cw
operation will be necessary. Although we could focus the
beam for having a ±4-σ clearance with respect to the
aperture of the cavity, a non-Gaussian beam halo was
present that produced beam loss at the mirrors. In or-
der to operate a high-current cw beam with the cavity,
management of the beam halo will be important. Ma-
chine studies for high-current cw beam operation have
been under way.
We have demonstrated beam deceleration due to the
cavity resonance. In the energy recovery operation of an
ERL, the beam will be decelerated at the main accel-
erator cavities before being dumped. The energy vari-
ation at the dump line will be enhanced by the gain of
the main accelerator. Sufficient energy acceptance in the
dump line will be necessary for transporting the beam to
the dump without beam loss.
VI. CONCLUSION
Accelerator-based THz sources have been expected to
realize high average power at broad spectrum. A scheme
based on the CDR layout is attractive, because the lay-
out is easy to install in a straight section, it does not
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destroy the electron beam, and it may be compatible
with a high-power electron beam, such as the one in an
ERL. Utilizing an optical cavity whose round-trip length
matches the beam bunch repetition rate, a stimulated ra-
diation process can be realized, and the power extraction
efficiency of the CDR can be greatly increased.
We performed an experiment with an ERL test accel-
erator that produced a low-emittance and short-bunch
beam at a high repetition rate. An optical cavity with
a small hole was installed in the straight beam path. A
sharp resonance in the broadband THz emission was ob-
served in the cavity length scan. By measuring the time
structure of the THz signal, the characteristics of reso-
nance was confirmed. Measurement of the beam decel-
eration downstream of the cavity proved that the beam
energy was converted to radiation efficiently by the stim-
ulated radiation process. This is the first experiment
to clearly demonstrate THz-range broad-band stimulated
radiation in a CDR layout.
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